A new environmentally benign and highly efficient catalytic system [π-C 5 H 5 NC 16 H 33 ] 3 [PO 4 (WO 3 ) 4 ]/H 2 O 2 /CH 3 COOC 2 H 5 for the epoxidation of soybean oil displayed excellent activity and high recovery. The change of the catalyst during the reaction was investigated by elemental analysis, FT-IR and 31 P NMR.
Epoxidized vegetable oils have been widely employed as PVC-plasticizers [1] , etc. Traditionally, these were produced by the Prileshajev peracid process [2] . However, there are several drawbacks in this procedure [3] : (i) selectivity to epoxidized products is relatively low due to acid-catalyzed oxirane ring opening; (ii) the separation of acidic by-products, whose presence may be detrimental for further applications, is not easy; (iii) the handling of highly-concentrated hydrogen peroxide and strong acids is dangerous and causes corrosion problems. Thus, several green catalytic systems for the epoxidation of vegetable oils have been reported [4] [5] [6] . In this work, the epoxidation of soybean oil catalyzed by [π-C 5 H 5 NC 16 H 33 ] 3 [PW 4 O 16 ] (designated as I) with 30% H 2 O 2 in CH 3 COOC 2 H 5 was studied. As shown in Table 1 , no epoxide was observed in the absence of any solvents because of the strong hydrophobicity of soybean oil (Entry 1). Increasing temperature showed a favorable effect on the conversion of double bonds and selectivity to epoxides (Entries 2 to 4). An optimum level of epoxidation could be obtained at moderate reaction temperature of 333 K (Entry 3). Addition of H 2 SO 4 solution to the aqueous phase, lowering the pH to 2, slightly decreased the selectivity to epoxides, as excepted (Entry 5). Oxirane cleavage under acidic condition was largely prevented, which was attributable to the protecting effect of the double-phase. In a basic system, however, no epoxide was observed (Entry 6). For the molar ratios of 0.33% and 0.67% of catalyst to ethylenic unsaturation, negligible difference was observed in the final catalytic activity (Entries 3 and 7), indicating that a molar ratio of 0.33% is sufficient to guarantee to high conversion and selectivity.
The conventional Prileshajev process [7] is coupled with the in situ production of peracetic acid in the presence of oil (usually at 333 K), by dropwise dosing aqueous H 2 O 2 at ca. 30 wt % concentration, employing a C=C : H 2 O 2 : acetic acid molar ratio of 1: 1.1 : 0.5. Under these conditions, the highest selectivity to epoxides (85%) was attained after 6 h. However, it decreased gradually to 74% at 10 h, since partly epoxides produced were degraded through H 2 SO 4 -catalyzed oxirane cleavage side reactions. Using the new catalytic system described above, contrarily, the selectivity remained stable at about 90%. Cai & Wang After the reaction, the catalyst precipitated in the aqueous phase. It was recovered by simple filtration at rt, washed with ethyl acetate, dried, and then reused with the addition of enough fresh catalyst to total 0.128 g, the initially used amount of I. As shown in Table 2 , little difference in the catalytic efficiency was observed in these runs. Also, the recovery yield of catalyst for each run, R cat. , exceeded 90%. To study the active species resulting from the action of H 2 O 2 , the yellow solid I was dissolved in CH 2 Cl 2 under excess H 2 O 2 , and the solvent removed under vacuum to obtain another yellow solid. This solid and the recovered catalyst are designated as II and III, respectively. The most striking difference in the IR spectra of these solids, is that II has a clear band at 844 cm -1 assigned to v(O-O) [8, 9] , as shown in Figure 2 , indicating it contains active oxygen. The IR bands at 690, 719 and 776 cm -1 are assigned to the quaternary cation, and those at 882 and 819 cm -1 can be assigned to the v(W-Ob-W) (corner-sharing) and v(W-Oc-W) (edge-sharing), respectively [8, 9] . Comparing the spectra of I and III, little difference can be observed in the intensity of their IR bands, indicating recovered catalyst retains the structure of the fresh catalyst. A broad peak from 0 to -15.0 ppm was observed in the 31 P MAS NMR spectrum of I, as shown in Figure 3(A(a) ). Based on the results of the literatures [10, 11] , it can be attributed to heteropoly tungstophosphates with ratio of (A) (B) P/W from 1/2 to 1/12, indicating that I was a mixture with different P/W ratios. The highest peak at 6.2 ppm might be due to species with high P/ W ratio [10, 11] .
When I was treated with H 2 O 2 in the absence of soybean oil, the 31 P NMR spectrum of the treated sample exhibited three peaks at about 0, -1.5 and -1.9 ppm, as shown in Figure 3(B(a) [8, 10] . After addition of soybean oil, the 31 P NMR spectra of the catalyst ( Figure  3(B(b) ) was similar to Figure 3(B(a) ). Additionally, the 31 P MAS NMR spectra of the recovered catalyst was similar to that of the fresh one ( Figure 3(A(b) ), providing additional support for the above interpretation of their IR spectra (see Figures 2a and 2c ).
Experimental
Materials: Soybean oil was purchased from the China Oil & Foodstuffs Corporation. Its iodine value and acid value, as experimentally determined were 125.70 (g I 2 /100 g oil) and 0.10 (mg KOH/g oil), respectively. Unless specially mentioned, all the other reagents were at least C. P. grade and used without further purification.
Synthesis of catalyst:
[π-C 5 H 5 NC 16 H 33 ] 3 [PO 4 (WO 3 ) 4 ] was prepared according to literature [9] .
Epoxidation procedure: A round-bottomed flask containing the calculated amount of catalyst, soybean oil, 30% H 2 O 2 and solvent ethyl acetate was placed in a water bath at the required temperature. After the reaction was complete, the organic phase was separated and the solvent evaporated. The products were analyzed for iodine value by titration with standard sodium thiosulfate solution [12] , for acid value by titration with standard potassium hydroxide/ethanol solutions [13] and for oxirane content by titration with hydrochloric acid/acetone solutions [14] , respectively.
Analytic techniques:
The percentage conversion of double bonds, C (%), was calculated as follows: where IV 0 is the initial iodine value of the sample (125.70 g I 2 /100 g oil) and IV is the residual iodine value of the sample taken from the reaction system, g I 2 /100 g oil.
The relative percentage conversion to oxirane, RC (%), was defined as follows:
where x exp (g/100 g sample) is the experimentally obtained oxirane oxygen and x cal is the theoretically maximum oxirane oxygen (7.34%), which was determined from the following expression:
where A i (126.9) and A o (16.0) are the atomic weights of iodine and oxygen, respectively.
The selectivity to epoxides, S (%), was defined as follows:
The recovery yield of catalyst, R cat. (%), was calculated by eqn (5):
where m recovery and m initial are the mass of the recovered catalyst and the initially used catalyst, g, respectively.
Elemental analysis: C, H and N analyses of I were performed on an Elementar Vario EL elemental analyzer.
The O content of II was conducted by an Elementar Vario MACRO cube elemental analyzer.
FT-IR spectra:
The FT-IR spectra were recorded with a Nicolet MAGNA 750 instrument fitted with a Nic-plan IR microscope.
P NMR:
The 31 P MAS NMR spectra with high-power proton decoupling were performed at 121.5 MHz with a 5 mm multinuclear inverse probe head and 0.80 μs pulse 2 s repetition time and 2048 scans, with samples spun at 5 kHz and referenced to 85% H 3 PO 4 . The 31 P NMR spectra of I in solvents were recorded on a Bruker Avance DRX-500 spectrometer, with PABBO 5 mm converse phase broadband probe head with a D 2 O internal tube locking field.
